The Millennium Seed Bank (MSB) Partnership, developed and managed by the Royal Botanic Gardens, Kew (RBG Kew), conserves propagules primarily from orthodox seed-bearing wild vascular plants. It is the largest ex situ conservation programme in the world, currently involving 96 countries and territories. Where possible, seeds are collected and conserved in the country of origin with duplicates being sent to RBG Kew's MSB for storage. In this paper we assess the conservation value of the germplasm stored at the MSB using both quantitative and qualitative methods. The MSB holdings represent a high quality, rich biological resource. Substantial and unique taxonomic diversity exists amongst the collections, representing 365 families, 5813 genera, 36,975 species and 39,669 taxa conserved. The collections cover a wide geographic range, originating from 189 countries and territories, representing all nine bio-geographic regions and all 35 biodiversity hotspots. The collections possess significant natural capital and population value: 32% of taxa, representing 49% of collections, have at least one identified use to humans; and 74% of taxa, representing 78% of collections, are either endemic, endangered (nationally or globally) and/or have an economic, ecological, social, cultural or scientific value. While 10% of taxa, representing > 8% of collections, are either extinct, rare or vulnerable to extinction at the global and/or national level, 20% of taxa, representing 13% collections, are endemic at the country or territory scale. Over the 17-year period since 2000 at least 11,182 seed Communicated by Daniel Sanchez Mata.
Introduction
The long-term storage of germplasm in the form of seeds is central to an integrated in situ and ex situ conservation strategy, and together with botanic gardens is one of the most widespread and valuable approaches to ex situ plant conservation. Crop germplasm has been conserved in seed banks for over 60 years and the Royal Botanic Gardens, Kew (RBG Kew) has followed this work since the late 1960s, adapting the techniques for the conservation of 'wild' species. The Millennium Seed Bank (MSB) Project established in 1995 is a plant conservation partnership between RBG Kew and organizations both within the UK and across the globe. It is the largest ex situ plant seed conservation program for wild species in the world (Smith et al. 1998) . Seed banking remains a key part of RBG Kew's Science Strategy (RBG Kew 2015) , while also contributing to Target 8 (at least 75% of threatened plant species conserved in ex situ collections, preferably in the country of origin, and at least 20% available for recovery and restoration programs) and Target 9 (70% of the genetic diversity of crops including their wild relatives and other socio-economically valuable plant species conserved, while respecting, preserving and maintaining associated indigenous and local knowledge) of the Global Strategy for Plant Conservation (CBD 2012) .
The MSB Project's International Program successfully conserved 10% of the world's wild orthodox seed-bearing flora between 2000 and 2010. The MSB Partnership (MSBP, 2011 to present) currently involves 96 countries and territories, with active projects in 54 countries. The main aim of MSBP is to continue safeguarding plant diversity worldwide with a focus on plants most at risk and most useful for the future, while addressing global challenges for food security, sustainable energy, loss of biodiversity and climate change. With one in five vascular plant species currently threatened with extinction (RBG Kew 2016), the need for such conservation measures has never been greater.
Traditional seed banking focuses on the storage of orthodox seeds, those that can be dried (to 15% equilibrium relative humidity) and stored at low temperatures (− 20 °C), in air-tight containers to maximise their longevity. For every 10% decrease in equilibrium relative humidity and 5 °C drop in temperature the lifespan of orthodox seeds is doubled (Harrington 1960) . Thus, under conventional storage conditions seeds can be expected to live for 10-100 s, if not 1000 s, of years, the longevity being dependent on the species and seed traits. The ability to store a large diversity of germplasm in a small space at relatively low cost makes seed banking a practical and attractive tool for plant conservation.
There are more than 1750 seed banks in the world, the majority of which conserve crop diversity (Hay and Probert 2013) . Since the Global Strategy for Plant Conservation (GSPC) was adopted by the Convention on Biological Diversity (CBD) in 2002, the number of ex situ conservation facilities for wild species has grown dramatically, but little information is available about the extent to which plant species are appropriately represented in ex situ collections (Godefroid et al. 2011; Cibrian-Jaramillo et al. 2013; Rivière and Mül-ler 2017; Teixido et al. 2017) . This study assesses the conservation value, both qualitative and quantitative, of germplasm conserved in MSB in terms of its: (1) biological status; (2) taxonomic diversity (Ojeda et al. 1996) ; (3) geographic representativeness (Godefroid et al. 2011; Cibrian-Jaramillo et al. 2013; Kricsfalusy and Trevisan 2014) ; (4) vulnerability to extinction (Rivière and Müller 2017); (5) uniqueness and irreplaceability (Vane-Wright et al. 1991; Ojeda et al. 1995; Isaac et al. 2007 ); (6) natural capital value; (7) population value; (8) germplasm quality; and (9) use for conservation, research, education and display. Our analysis excludes germplasm conserved under the MSBP in the country of origin and not duplicated in MSB.
Materials and methods
Data for collections were extracted from the MSB Seed Bank Database (SBD) on 31 March 2017. SBD contains in-depth information on seed collections including their heredity, taxonomic identification, geographic origin (bio-geographic region, country, major and minor administrative divisions, locality, geographic coordinates and altitude), habitat (type, associated species, threats, land use, geology, slope, aspect and soil texture), sampled population (abundance, vulnerability, number of plants found, and sampled and area sampled), ethnobotanical uses, quantity, viability, germination, regeneration, propagation and use of collections for conservation, research, education and display.
Biological status
In determining the biological status of a collection (wild or cultivated origin), heredity, geographic origin, habitat, taxonomy and regeneration data were used. Collections originating from natural or semi-natural habitats were considered as 'wild' and those originating from cultivated habitats (e.g. orchards, home gardens and botanic gardens) and propagation or regeneration activities were considered as 'cultivated ' (Alercia et al. 2012 ).
Taxonomic diversity
Species and taxon abundance and taxonomic composition in terms of families and genera were estimated using the current plant identification status of collections. The representativeness of angiosperm (flowering plant) families was estimated as the percentage of genera and species conserved at the MSB within the family against the total number of naturally occurring genera and species described for the family. Likewise, the representativeness of angiosperm genera was estimated as the percentage of species conserved in the MSB within each genus against the total number of naturally occurring species described for each genus. The total number of accepted genera and species described per family and accepted species described per genus were taken from The Plant List (2013) considering the confidence level and review status of names. If data was not available in The Plant List (2013), or the taxonomy of SBD data was in doubt, problematic taxa were excluded from the analysis. Therefore, angiosperm analysis was restricted to 324 families and 5341 genera.
Geographic representativeness
Geographic origin data were used to yield digital maps and total numbers of taxa and collections originating from bio-geographic regions and countries using ArcInfo and ArcView software. If coordinates were wrong or missing, new coordinates were assigned based on the locality description for the collection where possible. Cultivated collections inherited the geographic origin of the wild plant population from which they were propagated or regenerated. Geographic data were analysed to describe geographic coverage and gaps in geographic representation including representation of MSB collections from the 35 Biodiversity Hotspots described by Conservation International (Mittermeier et al. 2011 , http :// www.cons erva tion .org).
Vulnerability to extinction
In order to verify whether MSB taxa are extinct, rare or vulnerable to extinction in the wild, SBD taxonomic identifications were cross checked with (1) for the global scale; and (2) the National Red List (2016) for the national scale. In addition, Walter and Gillett (1998) was used to identify globally rare taxa and IUCN (2016) was used to identify taxa evaluated with lower risk of extinction at global scale.
The representativeness of taxa that are extinct, rare or vulnerable to extinction at global and national scales was assessed using IUCN Red List categories: extinct (EX); regionally extinct (RE); extinct/endangered (EX/EN); extinct/vulnerable (EX/VU); extinct in the wild (EW); critically endangered (CR); endangered (EN); endangered/vulnerable (EN/VU); vulnerable (VU); rare (R or RR); intermediate (I) and relict. The National Red List (2016) uses both IUCN and non-IUCN criteria (e.g. threatened, critical or declining) for categorizing threatened taxa. In our analysis, all non-IUCN categories from the National Red List (2016) were treated separately and presented as 'Other Threatened' taxa. Taxa categorized under lower risk of extinction in IUCN (2016) include a number of subdivisions, namely: near threatened (NT); lower risk/near threatened (LR/nt); lower risk/conservation dependent (LR/cd); lower risk/least concern (LR/lc); and least concern (LC).
For vascular plants, lists global assessments for 23,392 taxa, 12,564 (54%) of which are listed as either extinct or vulnerable to extinction, 9028 (38%) with lower risk of extinction and 1800 (8%) with insufficient information for assessment. The National Red List (2016) lists 24,969 taxa as either extinct, rare or vulnerable to extinction in at least one country. Walter and Gillett (1998) list 14,998 vascular plant taxa as globally rare. To be considered as representative of nationally rare or threatened taxa, MSB collections need to originate from the country where the taxon is declared as rare, extinct or vulnerable to extinction.
Uniqueness and irreplaceability
The rarity of a taxon has been described using its geographic distribution (restricted-range endemics) and/or evolutionary distinctiveness (taxonomically distinct) (Ojeda et al. 1995; Isaac et al. 2007; Cibrian-Jaramillo et al. 2013; Kricsfalusy and Trevisan 2014) . Rare taxa will have a greater risk of extinction than common ones (Johnson 1998; Matthies et al. 2004) and are considered as unique and irreplaceable in terms of their restricted distribution pattern and/or taxonomic distinctiveness.
The most commonly used measure of uniqueness and irreplaceability in conservation is plant endemism (Stattersfield et al. 1998) . Geographic distribution of plant endemism is highly taxon-dependent (Swenson et al. 2012) and describes the ecological state of a taxon being unique to a defined geographic location, such as an island, nation, country or other defined zone, or habitat type. Organisms that are indigenous to a place are not endemic to it if they are also found elsewhere.
It has been argued that maximizing evolutionary distinctiveness and phylogenetic diversity should be key components of conservation effort as the extinction of a species in an old, monotypic or species-poor clade would result in a greater loss of biodiversity than that of a young species with many close relatives (Mace et al. 2003) . Building the phylogenetic diversity of ex situ collections will strengthen their capacity for use in response to biodiversity loss (Griffiths et al. 2015) . Therefore, we included both rarity criteria in the analysis.
We applied the concept of endemism at the country or territory scale to identify geographic rarity. A list of endemic or near endemic taxa was compiled using a variety of reference lists including IUCN (2015 , Walter and Gillett (1998), National Red List (2016) , WCSP (2015) and SBD. As compiling a full list of endemic taxa is not practically feasible, we have utilised taxon distribution data from the MSB Species Prioritisation Tool (unpublished, Liu and Kenney) to identify endemic taxa, but we treated these designations with a low degree of confidence.
Indices of taxonomic diversity (Vane-Wright et al. 1991) are based on phylogenetic trees and provide a means of identifying distinct species (Ojeda et al. 1995 ). Phylogenetic studies demonstrate that evolutionary distinctiveness (ED) is derived from a few branches near the tips (i.e. those shared with few other species) and that no ED is gained in clades above ~ 180 species (Isaac et al. 2007 ). Taxonomic diversity was estimated by evaluation of the singularity of species making up communities. The taxonomic singularity of each species is directly related to the number of co-generic species in a given geographic range (Ojeda et al. 1995 (Ojeda et al. , 1996 and the inverse of the average number of species per genus in the community has been proposed as a simple index for assessing taxonomic distinctiveness at the community level, and quantifying its conservation value.
Ideally, the index for taxonomic singularity for the MSB taxa should be calculated from the number of species conserved for a given genus as an average of number of species normally found in a given geographic area from where the seed collections were sampled. For the purpose of this study, we used a rapid assessment method to identify the representation of less diversified and evolutionary distinct genera and families in MSB holdings (Ojeda et al. 1995) . The number of genera per family and the number of species per genus were obtained from The Plant List (2013), considering the confidence level and review status of names, for angiosperm families to identify less diversified families (with up to 10 genera) and genera (with up to 10 species) and then their representation at the MSB was measured and expressed as taxonomic singularity to identify taxonomic rarity. Phylogenetic diversity of the MSB legume collections has been assessed in a separate study (Griffiths et al. 2015) .
Natural capital value
Any taxon that has an identified use to humans (economic, ecological, social, cultural www.cwrd iver sity .org/chec klis t/). In addition, the ethnobotanical uses listed by collectors for MSB collections were extracted from SBD and used as a further resource. As these were not supplemented with a reference, a low degree of confidence was assigned.
Crop wild relatives (CWR) are wild plant species that share a common ancestor with cultivated crop plants of socio-economic value, such as human food, animal forage and fodder crops, etc. (Fielder et al. 2015) . A broad definition of a CWR is any taxon belonging to the same genus as a crop (Maxted and Kell 2009) . A narrower definition of a CWR was described as "a wild plant taxon that has an indirect use derived from its relatively close genetic relationship to a crop" (Maxted et al. 2006) . Three concepts are used to identify how close the relationship to a crop is: (1) Harlan and de Wet (1971) describe the genetic relationship of cultivated plants using the Gene Pool concept at three levels, this is the most commonly used concept, it is relatively objective and widely accepted (Vincent et al. 2013) ; (2) for the majority of crops the genetic relationship among species remains unknown, and in these cases the Taxon Group concept is used that assumes taxonomic classification is strongly linked to genetic relatedness (Maxted et al. 2006) ; (3) the provisional gene pool is used where there is no known gene pool concept and taxonomic treatments lack sub-generic information, but there is evidence that the crop and related taxa can be crossed (Vincent et al. 2013) .
Based on different definitions, we analysed CWR taxa at two levels: (1) broad definition of CWR (sensu lato) based on any taxa in the same genus as the crop, this was verified against the consolidated list of 99 crop genera cited in Maxted et al. (2013) by combining 51 food crop genera and 81 forage crop species published by the International Treaty on Plant Genetic Resources for Food and Agriculture (FAO 2001) and 77 crop genera listed in Groombridge and Jenkins (2002) ; and (2) narrow definition of CWR (sensu stricto) based on any taxa specifically listed as CWR using the gene pool, taxon group and provisional gene pool concepts and was verified against 4229 taxa compiled from the Harlan and de Wet Crop Wild Relative Inventory and Germplasm Resources Information Network.
Population value
We considered taxa that are identified as endangered globally and/or nationally, endemic or near endemic at country or territory level or with a natural capital value as '3E taxa' (either endemic, endangered or economically important). Taxa that contribute to all three components were considered as significant taxa or sensu stricto 3E taxa with a high population value. Taxa that contribute to any component were considered as sensu lato 3E taxa. We use 3E taxon status to evaluate the population value of MSB holdings.
Germplasm quality
To be a valuable long-term resource, a collection of germplasm needs to: have accurate plant identification; be genetically representative of the species, population and individual sampled; have high viability with acceptable longevity; contain sufficient germplasm to supply intended uses; and be acquired with all consents and data to facilitate intended users (Way 2003) . The key principles at the core of gene bank operations are the preservation of germplasm identity, maintenance of viability and genetic integrity, and the promotion of access (FAO 2014) . In our study, the germplasm quality was analysed in terms of: (1) availability of key data in SBD for taxonomy (plant name), geography (bio-geographic region, country, geo-coordinates and altitude), habitat and population (number of plants found, and sampled and area sampled); (2) current status of plant identification (verified or unverified); and (3) seed quality, quantity and viability.
A sample of seeds (usually 10-50) from most MSB collections are either x-rayed or cuttested to estimate the number of full, empty and infested seeds. These data are then used as a rapid assessment method to estimate the current number of potentially viable seeds in the whole collection. The true viability of collections (germination and viability percentage) is estimated from routine germination tests throughout the life cycle of the collections. In our study, to identify seed quality, quantity and viability, collections were categorized according to their current number of potentially viable seeds (estimated using seed weights and x-ray or cut-test results of dry seeds) and germination (germinated seeds out of seeds sown, discounting empty and infested seeds) and viability (germinated seeds plus non-germinated seeds that appeared fresh and full when cut-tested) percentage results for the most recent round of germination tests carried out at the MSB.
Use of collections
RBG Kew makes use of the seed collections stored at the MSB in research that both furthers our understanding of seed banking, and also seed biology and species conservation. Subject to terms and conditions, MSB collections with sufficient seed quantity are available to bona fide individuals from recognized organisations around the world for use in non-commercial activities in conservation, research, education and display. These collections are publicised through RBG Kew's MSB Seed List (http ://apps .kew.org/seed list /) and the Genesys website (http s://www.gene sys-pgr.org/wiew s/GBR0 04), from which a small sample of germplasm can be requested by a third party. In addition, a range of seed biological trait data (storage behaviour, germination, weights, oil and protein content, dispersal and morphology) derived from MSB collections are published in RBG Kew's Seed Information Database (RBG Kew 2017, http ://data .kew.org/sid/) and Try Plant Trait Database (Kattge et al. 2011 , http s://www.try-db.org/TryW eb/Home .php) for use in research and conservation. Although the use of physical collections and associated data are not fully documented, we used seed distribution data from January 2000 to March 2017 to assess the use of collections under four broad categories: conservation, research, education and display. Compiling a full list of scientific outputs and publications generated from MSB collections and associated data is beyond the scope of our study.
Data analysis
In order to maintain taxonomic consistency, plant Latin names and their taxonomic status (e.g. accepted, synonym, unassessed, unresolved or illegitimate) were carefully addressed in the analysis by checking plant names with the WCSP (2015), The Plant List (2013), and The International Plant Name Index (2015) . If the data were not available in these resources other online sources, such as Taxonomic Name Resolution Service (http ://tnrs .ipla ntco llab orat ive.org) and Tropicos.org (http ://www.trop icos .org), were used.
There is variability in the precision and accuracy of data both in SBD and reference data sources mainly due to variation in the use of plant names and their taxonomic status.
To address these concerns, prior to the main analysis, we employed an evidence-based approach matching MSB plant names with IUCN (2015) to investigate the accuracy level of estimates. Based on the results (not shown), to reduce under-or over-estimating the number of plant taxa conserved in the MSB under the different criteria applied in the analysis, the following calculation strategy was employed. When matching SBD plant names with reference data sources:
(a) The minimum value is used to describe the number of SBD taxa that match directly with reference lists. These values are reported with a high degree of confidence but are treated as an underestimate of overall representativeness. (b) The maximum value is used to describe the number of taxa that match directly or indirectly with reference lists based on any taxonomic link. These values are reported with a low degree of confidence and are treated as an overestimate of representativeness.
There are multiple examples of this: (i) SBD plant name with 'accepted' taxonomic status matches to a 'synonym' on an external list; (ii) SBD plant name with 'accepted' taxonomic status, but a synonym of it matches to a plant name which is 'accepted' on an external list; (iii) SBD plant name with 'accepted' taxonomic status and a synonym of it matches to a synonym on an external list; and (iv) SBD plant name with 'synonym' taxonomic status and the 'accepted' name of it matches to an 'accepted' name on an external list. If a synonym's accepted plant name has already been matched to an accepted plant name then it is not included again to avoid double counting. (c) The median is the middle value between the minimum and maximum values, and is used as the total figure reported and for calculating percentages. This ensures neither under-nor over-reporting.
Results

Biological status
Of the 82,556 collections conserved in MSB, 75,749 (91.8%) originated from material collected in natural or semi-natural habitats (wild collections) and 6807 (8.2%) originated from either cultivated habitats or propagation and regeneration activities in the UK or elsewhere (cultivated collections).
Taxonomic diversity
The majority of the collections (99.9%) conserved are seeds and only 0.1% are either spores or dormant organs (e.g. bulbils). MSB collections represent 365 families, 5813 genera, 36,975 species and 39,669 taxa (Table 1) . Species of angiosperms contained within the Plant List (2013) belong to 405 families and 14,559 genera. About 82% of these families and 39% of these genera are represented in MSB holdings. Fifty percent of MSB collections originated from 355 families, 5558 genera, 30,956 species and 32,747 taxa, whilst the other 50% originated from 10 families, 255 genera, 6019 species and 6922 taxa (Appendix 1; Table 2 ). Fifty percent of species originated from 5476 genera, whilst the other 50% of species originated from 337 genera (Supplement 1). All the naturally occurring angiosperm genera are conserved for at least 93 families, and all the naturally occurring angiosperm species conserved for at least 20 families (Appendix 1) and 949 genera (Supplement 1). For angiosperm families with one to 50 naturally occurring genera or species, more than 50% of genera are conserved for at least 150 families out of 265 and more than 50% of species conserved for at least 28 families out of 121 (Appendix 1; Table 3 ). Of the 12 families with many naturally occurring genera (> 200), three of them (Malvaceae, Leguminosae and Lamiaceae) each have more than 50% of genera conserved, and of the five families with a large number of naturally occurring species (> 10,000), three of them (Leguminosae, Poaceae and Compositae/Asteraceae) each have more than 10% of species conserved (Table 3 ; Appendix 1). Out of the 5341 angiosperm genera analysed (Supplement 1), only 536 genera have more than 100 naturally occurring species, and these are underrepresented in MSB collections, except for nine genera which have at least 50% of their naturally occurring species conserved: Acacia (51%, 717 out of 1393); Eucalyptus (88%, 722 out of 822); Melaleuca (80%, 212 out of 265); Plantago (56%, 89 out of 158); Lachenalia (51%, 59 out of 115); Terminalia (55%, 60 out of 109); Gastrolobium (51%, 54 out of 105); Pultenaea (62%, 64 out of 104); and Protea (58%, 59 out of 101).
Geographic representativeness
Collections originating from all nine bio-geographic regions and 189 countries and territories are stored at the MSB (Table 4 ). The greatest number of collections and taxa originated from Africa and the lowest numbers from the Pacific bio-geographic region. The highest number of collections were collected in Australia (11,563), UK (6779), South Africa (5858), USA (4682), Madagascar (3692), Mexico (3332) , Israel (3094), Italy (3021), China (2355) and Kenya (2225) (Fig. 1) . Gaps in the geographic representation of collections were Belarus, Benin, Republic of Congo, Djibouti, Equatorial Guinea, Eritrea, Iceland, Kosovo, Latvia, Moldova, Mongolia, North Korea, Paraguay, Timor-Leste, Togo, Pacific Islands (American Samoa, Cook Islands, Guam, Kiribati, Marshall Islands, Micronesia, Nauru, Niue, Northern Mariana Islands, Palau, Samoa, Tokelau, Tuvalu), Middle Eastern States (Bahrain, Kuwait, Qatar) and Caribbean Islands (Antigua and Barbuda, Barbados, Saint Kitts and Nevis, Saint Vincent and the Grenadines).
MSB collections originating from the 35 biodiversity hotspots (Mittermeier et al. 2011 ) are provided in Appendix 2 and illustrated in Fig. 2 . They represent 53% of MSB collections (44, 130) . The hotspots with the greatest number of MSB collections are the Mediterranean Basin (13,020), Madagascar and the Indian Ocean Islands (4027), the Cape Floristic Region (3016), Southwest Australia (2935) and the Caucasus (2753). Hotspots with the lowest number of collections are Polynesia-Micronesia (9), the Western Ghats and Sri Lanka (12), the East Melanesian Islands (26), New Caledonia (33) and the Philippines (62).
Vulnerability to extinction
The representativeness of taxa in the MSB that are extinct, rare or vulnerable to extinction and taxa with a lower risk of extinction at global and/or national scales are given in Table 3 The representativeness of angiosperm families and genera conserved at MSB The representativeness of each angiosperm family was estimated as the percentage of genera and species conserved within the family against the total number of naturally occurring genera and species described for the family. Likewise, the representativeness of each angiosperm genus was estimated as the percentage of species conserved at MSB within the genus against the total number of naturally occurring species described for the genus. The total number of accepted genera and species described per family and accepted species described per genus were taken from The Plant List (2013) are declared as extinct in the wild (Table 7) . For those taxa declared as having a lower risk of extinction, MSB collections include 23.19% taxa, represented by over 7400 collections. Nearly 10% of taxa (1487 out of 14,998) that are declared as globally rare in Walter and Gillett (1998) are conserved at the MSB, representing over 2700 collections. At the national scale, the MSB conserved at least 6.93% of taxa (over 3175 collections) that are declared as extinct, rare or vulnerable to extinction nationally in at least one country according to the National Red Lists (2016). In total, at least 10% of taxa (3801 out of 39,669) conserved at MSB, represented by over 6703 collections (> 8% of total holdings), are either extinct, rare or vulnerable to extinction at the global and/or national scale.
Uniqueness and irreplaceability
Twenty percent of MSB taxa (7764 out of 39,669), representing 13% of collections (11,064 out of 82,556), are endemic or near endemic at the country or territory scale. At least 21% of angiosperm families conserved (70 out of 331) are taxonomically distinct at the species level, and 58% of angiosperm families conserved (191 out of 331) are taxonomically distinct at the genus level, with 11 of the families (Biebersteiniaceae, Cephalotaceae, Drosophyllaceae, Eucommiaceae, Gomortegaceae, Lanariaceae, Plocospermataceae, Quillajaceae, Scheuchzeriaceae, Setchellanthaceae and Strasburgeriaceae) with only one genera and species described in nature (Table 8 ; Appendix 1). At least 49.6% of angiosperm genera conserved at MSB (2843 out of 5723) are taxonomically distinct with only a few species (up to 10) occurring in nature (Supplement 1). Table 5 The representativeness of taxa at MSB that are extinct or vulnerable to extinction and taxa with lower risk of extinction at the global scale
To identify these taxa, SBD taxonomic identifications were cross checked with IUCN (2016). Minimum value refers to the total number of SBD taxa that matched directly with IUCN (2016) but is considered an under-estimate. Maximum value refers to both direct and indirect matches of SBD taxa with IUCN (2016) but is considered an overestimate. The median is the middle value between the minimum and maximum and is considered as neither under-nor over-estimate of overall representativeness Category Extinct or vulnerable to extinction 12.33 Table 6 The representativeness of taxa in MSB that are extinct, rare or vulnerable to extinction at the national scale To identify these taxa, SBD taxonomic identifications and their geographic origin were cross checked with National Red List (2016). Minimum value refers to the total number of SBD taxa that matched directly with National Red List (2016) but is considered an under-estimate. Maximum value refers to both direct and indirect matches of SBD taxa with National Red List (2016) but is considered an over-estimate. The median is the middle value between the minimum and maximum and is considered as neither under-nor over-estimate of overall representativeness a IUCN or non-IUCN status category declared for a taxon may differ among countries. Therefore, the total taxa figure is calculated separately by discounting the duplication of taxa by countries across the categories Category Extinct, rare or vulnerable to extinction 
Population value
The majority of taxa (74%, 29,326 out of 39,669) and collections (78%, 64,501 out of 82,556) stored at the MSB are represented by sensu lato 3E taxa. Two-3E taxa are those Figure 3 illustrates the availability of data for MSB collections. A high percentage of collections (> 95%) have taxonomy (Latin plant name) and geographic data at least at country level, followed by geo-coordinates (88%), habitat (87%), altitude (79%) and population data (49-71%). Plant taxonomy of 89% of collections (73,600) are verified either by a field expert, RBG Kew herbarium or another institute in the UK or elsewhere. Seed quantity data are available for 95% of collections (78,768 collections out of 82,556), with 34% of them represented by more than 5000 potentially viable seeds per collection, whereas 25% are represented by < 501 potentially viable seeds (Fig. 4) . About 56,595 collections processed at the MSB are also duplicated in another seed bank in the UK and/or in the country of origin.
Germplasm quality
For the last round of viability tests carried out for seed collections, germination data are available for 70% of collections (57,658 out of 82,556) and seed viability data are available for 69% collections (57,141 out of 82,556). Of these collections, 47% and 65% respectively showed more than 90% germination and viability and 21% and 11% respectively showed less than 50% germination and viability (Fig. 5) . Of the tested collections, 7.7% (4457 out of 57,658) showed 0% germination and 3.2% (1861 out of 57,141) showed 0% viability. As viability percentages were estimates calculated using cut-tested results of non-germinated The highest percentages achieved for germination and viability are considered seeds, collections with 0% germination and viability will be further assessed using experimental controls or Tetrazolium Chloride stain.
Use of collections
During January 2000-March 2017, a total number of 11,182 seed samples representing 6759 collections, 4811 taxa (including subspecies and varieties) and 200 families were supplied to over 410 organizations across 57 countries (includes RBG Kew and UK). At least 8.2% of collections and 12.1% of taxa were distributed globally for a diverse range of uses in research (75%), conservation (13%), education (2%) and display (1%). Details of use for 9% of samples are unknown. Seed samples supplied for research were used across at least 80 pure and applied science disciplines including agriculture, horticulture and archaeology. Those supplied for conservation were used in a range of programs including: habitat restoration and enrichment; species re-introduction or recovery; developing or improving botanic garden, arboretum or nursery collections; regeneration; propagation; breeding; biological control; livelihood programmes; and ex-situ conservation. Samples supplied for education were used during course work and workshops at educational institutes including schools and universities and those supplied for national and international displays were used to raise public awareness of plant conservation. 
Discussion
Plant conservation by seed banking orthodox species at RBG Kew contributes towards RBG Kew's Science Strategy (RBG Kew 2015), Targets 8 and 9 of the GSPC and tackling the challenges of food security, sustainable energy, loss of biodiversity and climate change. This study highlights the following strengths of MSB holdings: a rich biological resource; substantial taxonomic diversity; wide geographic coverage; notable uniqueness and irreplaceability; significant natural capital and population value; and high quality germplasm. Seventy four percent of MSB taxa, representing 78% of collections, fall into one or more of three important categories: (1) endemic; (2) endangered at the national or global scale; and (3) of economic, ecological, social, cultural or scientific value. In addition, MSB holdings represent 81% of CWR genera. The importance of these collections in the face of threats to global plant diversity cannot be overstressed. An estimated 369,434 species of angiosperms are known to science, and 21% of global plant species are currently threatened with extinction (Nic Lughadha et al. 2016; RBG Kew 2016) . By focusing seed conservation efforts on endangered species RBG Kew's MSB is helping to conserve plant diversity that is most at risk of extinction. As many as 44% of all species of vascular plants are confined to 25 hotspots comprising only 1.4% of the land surface of the earth (Myers et al. 2000) . Using these regions as collection foci has enabled RBG Kew to maximize its impact with limited resources, and effort continues to be directed to those hotspots currently under-represented in RBG Kew's collections.
Despite the importance of the collections and the targeted approach, limitations to seed conservation remain. Challenges include: the absence of a red list or up to date, accurate information on threatened species for some partner countries; accessible data on the locality, phenology and identification of taxa; infrastructure for processing and storage of seeds; and skills enabling collection, handling and storage of seed (Smith 2007) . The level of emphasis on which taxa are to be conserved is governed by the Access and Benefit Sharing Agreements (ABSA), the needs of project partners, the political, legal and administrative requirements of the regional, national or local government in question and the level of implementation of the CBD within a particular country or region (Cheyne 2003) . Due to the current global financial crisis, the availability of monetary funds is another bottle neck for initiating conservation programmes. Lack of political will and funding are the biggest constraints preventing the achievement of Target 8 of GSPC (Smith 2007 ). An estimated £50 million was spent to secure 10% of world's flora during the first phase of ex situ conservation in RBG Kew's international programme (Smith 2007) , representing about £2100 per plant species to guarantee its long-term ex situ seed conservation (Li and Pritchard 2009) .
Most importantly, only orthodox species whose seeds can survive considerable desiccation and freezing during ex situ conservation are bankable in traditional seed banks. Species adapted to hot, dry environments may have evolved longer lifespans in the dry state and are suitable to conserve in seed banks (Li and Pritchard 2009) . The world's drylands are home to an immense variety of plant life, with a high proportion of species producing orthodox seeds, and supporting approximately one-fifth of the world's population (far more than the tropical rain forests), as well as 50% of the world's livestock, and provide forage for both domestic animals and wildlife (van Slageren 2003) . However, drylands are among the most threatened environments on Earth, with large areas being lost due to desertification each year (van Slageren 2003) . As a result, the MSB initially focused its seed conservation efforts in drylands.
Representation of plant taxa in gene banks is also subjected to species, species-area, hotspot and infrastructure biases that result in over-or under-representing certain taxa (Hijmans et al. 2000) . Under representation of threatened taxa may be linked to geographic rarity or recalcitrant seeds. Families with a high incidence of recalcitrant species which are less likely to be conserved in conventional seed banks are Fagaceae, Lauraceae, Sapotaceae, Moraceae, Clusiaceae, Sapindaceae (including Aceraceae), Arecaceae (= Palmae), Myrtaceae, Annonaceae, Rurtaceae, Anarcardiaceae, Dipterocarpaceae, Meliaceae and Rhizophoraceae (Dickie and Pritchard 2002) . Some wild species have been found to produce seeds that are extremely short lived in traditional seed bank storage and cryopreservation may be the only resource to ensure the effective ex situ seed conservation of such species (Li and Pritchard 2009; Hay and Probert 2013) . Li and Pritchard (2009) highlighted the need to increase our effort at developing ex situ conservation approaches for plants, particularly those from biodiversity hotspots with recalcitrant seeds.
Placing a monetary value on conservation collections is difficult. A recent estimate suggests that the potential value of benefits from CWR traits of the MSB's 29 current priority crops alone amounts to approximately $120 billion (PwC 2013). Economic assessment is extraordinarily difficult beyond the main crops, particularly for species not yet fully characterised for traits of societal value (Li and Pritchard 2009) . If CWR of 29 crops alone are worth $120 billion, the entire MSB holdings of 39,669 taxa can be considered as a very successful output of a global ex situ conservation program, and an extremely valuable biological resource.
MSB collections and associated data are already being used by partners to restore populations of wild plants (South Africa), to manage damaged ecosystems (Madagascar), to rehabilitate degraded lands (Burkina Faso and Australia), to develop opportunities for the sustainable use of plants by local communities (Kenya) and for scientific research (unpublished, RBG Kew). In addition, small quantities of MSB collections (usually 50 seeds) and associated data are also being supplied for use in conservation, research, education and display across the world. While the sample size is too small to support large-scale restoration projects, or research programmes requiring a large number of seeds, the importance of the collections for these areas cannot be overstated. The depth and breadth of information, knowledge and research outputs underpinning plant conservation being generated by MSB collections and associated data across the world is unparalleled. It is shared with policy makers, disseminated to the wider scientific community and general public through mainstream scientific literature, articles, conferences, social media and the RBG Kew website and those of our partners. Although compilation of a full list of research publications is beyond the scope of this paper, recent research studies that used MSB collections or their associated data include Colville et al. (2015) , Díaz et al. (2016) (2017) and Wyse and Dickie (2017) .
Our analysis was focused only on taxa conserved at the MSB and not on those stored only in seed banks of partner countries within the MSBP network. At present, it is difficult to assess the conservation value of taxa conserved within the whole network due to various constraints including lack of access to databases in partner countries. This is a problem that is being overcome by the MSBP Data Warehouse (http ://brah mson line .kew.org/msbp ), an online BRAHMS database holding collection data from across the MSBP, and crucially, including data on collections not duplicated to the MSB. Further data analysis is essential across the MSBP network to underpin future collection activities to maximize the usefulness of collections while concentrating on gaps in threatened taxa, geographic representation and taxonomic diversity highlighted in our study, while identifying their suitability for conserving in conventional seed banks including cryopreservation. Table 9 The representativeness of angiosperm families at the MSB Family The representativeness of each angiosperm family was estimated as the percentage of genera and species conserved within the family against the total number of naturally occurring genera and species described for the family. The total number of accepted genera and species described per family were taken from The Plant List (2013) considering the confidence level and review status of names a Doubtful data were excluded from the analysis Cultivated collections inherited the geographic origin of the wild plant population from which they were propagated or regenerated
